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Abstract. Hyaluronan (HA), a component of the extracel-
lular matrix, plays an important role in cell-cell adhesion and 
cell migration. Membrane type 1-matrix metalloproteinase 
(MT1‑MMP) is often expressed in invasive cancer cells. 
CD44, a transmembrane receptor for HA, is implicated in 
various adhesion-dependent cellular processes including 
cell migration, tumor cell metastasis and invasion. Previous 
studies have shown that CD44 is highly expressed in cancer 
cells and may be proteolytically cleaved at the ectodomain by 
MT1-MMP; this process of inducing CD44 cleavage plays a 
critical role in cancer cell migration. We hypothesized that HA 
modulates MT1-MMP expression to facilitate breast cancer 
cell migration. Flow cytometry, real-time PCR, western 
blotting and immunofluorescence staining were used to 
quantify HA-induced MT1-MMP expression in breast cancer 
cells. In order to validate the relevance of cell migration and 
HA-induced MT1-MMP, we analyzed the cell migration via 
Matrigel-coated transwell. We found that after HA oligosac-
charide (6.5 kDA) stimulation, MT1-MMP expression in the 
membrane of breast cancer cells was increased. In response 
to HA oligosaccharide stimulation, significant upregulation of 
MT1-MMP mRNA occurred. Our data also provide evidence 
that HA oligosaccharide enhances MT1-MMP; the elevated 
expression of MT1-MMP confers enhanced CD44 cleavage 
and cell migration. In conclusion, we have identified a new 
function of HA in the induction of MT1-MMP expression in 
breast cancer cell lines and CD44 cleavage to increase cell 
migration during the invasion process. The HA oligosaccha-

ride-induced MT1-MMP expression in breast cancer cells may 
be a critical step in the formation of metastatic colonies.

Introduction

CD44, a hyaluronan (HA) receptor, serves as an adhesion 
molecule in cell-substrate and cell-cell interactions, lympho-
cyte recruitment to inflammatory sites and tumor metastasis 
(1-4). CD44 isoforms are generated from a single gene by 
messenger RNA alternative splicing of at least 12 exons (5). 
The size of the CD44 molecule ranges from the standard 
85-95 kDa form (CD44s) to larger variant isoforms (CD44v) 
of 200 kDa or more. The differences in size are partly due to 
post-translational modifications, as all isoforms of CD44 are 
highly glycosylated (6). The functional characterization of the 
different isoforms of this family remains limited.

Invasion is a critical step for metastasis. Tumor cell invasion 
involves cell adhesion to the extracellular matrix, degradation 
of extracellular matrix components, tumor cell motility and 
cell detachment (7). CD44 is expressed in many types of 
invasive tumor cells (2,4). It has been shown in animal models 
that the injection of reagents that interfere with the binding of 
CD44 to its ligand inhibits local tumor growth and metastatic 
spread (8,9). Soluble CD44 can be shed from cell surfaces 
through a proteolytic process by metalloproteinase (10,11). 
This cleavage is followed by γ-secretase-dependent release 
of CD44 intracellular domain (ICD) (12). This proteolytic 
cleavage of CD44 is involved in tumor invasion and metastasis 
(10). During tumor metastasis, cells detach from the primary 
tumor, penetrate the basement membrane into the connective 
tissue, and invade adjacent structures, including lymph and 
blood vessels. The tumor cells are subsequently transported 
to metastatic sites via the lymph and/or blood. However, the 
mechanisms by which CD44 promotes tumor metastasis are 
poorly understood.

Matrix metalloproteinases (MMPs) are a group of prote-
ases that are involved in extracellular matrix degradation; the 
functioning of these proteases requires the presence of zinc. 
Since MMPs degrade extracellular matrix, they participate 
in tumor cell invasion and migration (13). The MMP family 
is currently divided into two categories: soluble-type MMPs 
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and membrane-type MMPs (MT-MMPs) (14,15). One of these 
proteins, MT1-MMP, is often-expressed in invasive cancer 
cells and in endothelial cells during angiogenesis (16,17) and 
its substrates include type I, II and III collagen, laminin-1, 
-5, vitronectin, fibronectin and aggrecan (18). MT1-MMPs 
also activate other proMMPs, including proMMP-2 and 
proMMP-13 (19,20). The expression of MT1-MMP on the 
cell surface may trigger various activation cascades. Research 
has shown that the extracellular domain of CD44 undergoes 
cleavage on the surface of cancer cells and this cleavage 
process plays a decisive role during tumor cell migration (21). 
This process of inducing CD44 de-adhesion through metal-
loproteinase interaction appears to be significantly involved in 
cell movement.

In this report, we have identified a new function for HA, 
its involvement in the induction of MT1-MMP expression in 
breast cancer cells and the subsequent mediation of cellular 
migration during the invasion process. Based on these new 
findings, we suggest that the activation signals resulting from 
HA stimulation may be involved in tumor cell metastasis. We 
propose that one function of HA oligosaccharides in tumor 
cells may be to induce MT1-MMP expression, which, at least 
for a number of tumor cell types, may be a critical step in the 
formation of metastatic colonies.

Materials and methods

Cell culture. The human breast carcinoma cell lines, 
MDA-MB‑435s and MDA-MB-231, were obtained from the 
Food Industry Research and Development Institute (Hsinchu, 
Taiwan). Cells were grown in Leibovitz's L-15 medium supple-
mented with 15% fetal bovine serum (FBS; HyClone, Logan, UT, 
USA), 10 µg/ml of insulin, 100 U/ml of penicillin, and 100 µg/ml 
of streptomycin at 37˚C in a humidified atmosphere of 5% CO2.

Antibodies. Mouse monoclonal antibody against human 
MT1-MMP and rabbit monoclonal antibody (Ab) against 
CD44 were purchased from R&D Systems (Minneapolis, 
MN, USA). Mouse monoclonal Ab against CD44 and horse-
radish peroxidase-conjugated goat anti-mouse secondary Ab 
were both purchased from NeoMarkers (Fremont, CA, USA). 
Rabbit polyclonal Ab against MT1-MMP and rhodamine-
conjugated goat anti-rabbit secondary Ab was purchased from 
Chemicon International, Inc. (San Diego, CA, USA). FITC-
conjugated bovine anti-mouse secondary Ab was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Flow cytometry. MDA-MB-435s cells were cultured in a 
serum-free medium (Leibovitz's L-15 medium) overnight 
and then HA was added (0.05 mg/ml; 0.5 mg/ml) for 36 h. 
Next, the cells were trypsinized and suspended in Leibovitz's 
L-15 medium at a concentration of 5x106 cells/ml, and then 
a 1-ml sample was incubated for 45 min at 4˚C with 150 µl 
of various non-labeled mouse anti-human antibodies followed 
by fluorescein isothiocyanate (FITC)-conjugated anti-mouse 
immunoglobulin G (IgG) antibodies (10 mg/ml) for 1 h at 
room temperature. Finally, the cells were washed twice with 
phosphate-buffered saline (PBS; pH 7.4), centrifuged, and 
fixed in 1.5 ml of 4% paraformaldehyde. Control samples were 
incubated with PBS instead of primary antibody. A FACScan 

machine (Becton-Dickinson, Franklin Lakes, NJ, USA) was 
used to analyze antibody binding.

Western blot analysis. For immunoblotting on polyvinylidene 
difluoride (PVDF) membranes (Amersham; Piscataway, NJ, 
USA), cells per treatment group were pooled, rinsed briefly 
with PBS, then lysed on ice for 10  min in 1  ml of PBS 
containing 1% sodium dodecyl sulfate, 0.5 mM phenylmeth-
ylsulfonyl fluoride, 10 µg/ml leupeptin, 10 µg/ml aprotinin, 
5 µg/ml pepstatin, 10 µg/ml soybean trypsin inhibitor, and 
0.5 mM dithiothreitol. Following centrifugation for 20 min at 
1,300 g and 4˚C, the supernatant was removed and centrifuged 
at 6,000 g for 1 h at 4˚C. The final supernatant was used as 
the cytosolic fraction and the pellet as the membrane fraction. 
Equal amounts (50 µg of protein) of the membrane fractions or 
cytosolic fractions were run on 10% polyacrylamide gels and 
transferred to PVDF membranes in a transfer buffer [4 parts 
25 mM Tris/200 mM buffer (pH 8.0) and 1 part methanol]. 
The membranes were then blocked for 1 h at room temperature 
with 50 mM Tris HCl, 150 mM NaCl, 0.05% Tween-20 [Tris 
buffered-saline with Tween-20 (TBST), pH 7.0], containing 
5% non-fat dry milk, and then incubated overnight at 4˚C 
with the primary Ab. The membranes were then washed with 
TBST and exposed to the horseradish peroxidase-conjugated 
secondary Ab for 1 h at room temperature. The bound Ab 
was detected by the enhanced chemiluminescence method 
(Perkin-Elmer Life Sciences, Waltham, MA, USA).

RNA extraction and real-time polymerase chain reaction anal-
ysis. Total RNA was extracted from both untreated (control) and 
treated cells using RNeasy purification reagent (Qiagen; Valencia, 
CA, USA) and then a sample (1 µg) was reverse transcribed with 
M-MLV reverse transcriptase for 30 min at 42˚C in the presence 
of oligo-dT primer. PCR was performed using specific primers 
designed from the published sequence of each cDNA as follows; 
the oligonucleotides (sense 5'-GTGATGGATGGATA 
CCCAATGC-3' and antisense 5'-GAACGCTGGCAGTAAA 
GCAGTC-3') corresponding to human MT1-MMP were used for 
specific amplification of a 786 bp fragment of MT1-MMP 
mRNA. The initial temperature for the RT-PCR was 95˚C for 
5 min, followed by 35 cycles of denaturation at 95˚C for 30 sec, 
annealing at 55˚C for 30 sec, and elongation at 72˚C for 30 sec, 
with an additional 7-min incubation at 72˚C after completion of 
the last cycle. To exclude the possibility of contaminating the 
genomic DNA, the PCRs were also run without reverse tran-
scriptase. The amplified cDNA was separated by electrophoresis 
through a 2% agarose gel, stained, and photographed under 
ultraviolet light. cDNA was used for PCR with specific primers 
in the presence of SYBR-Green I (LightCycler®-FastStart DNA 
Master SYBR Green I; Roche, Basel, Switzerland). The 
sequences of the primers were: MT1-MMP forward, CGCTA 
CGCCATCCAGGGTCTCAAA, reverse, CGCTCATCAT 
CGGGCAGCACAAAA; GAPDH forward, CACCATCTT 
CCAGGAGCGAG, reverse, TCACGCCACAGTTTCCCGGA 
(Mission Biotech, Taiwan). A LightCycler® 480 (Roche 
Diagnostics, Indianapolis, IN, USA) was used for real-time PCR. 

Immunofluorescence stain and confocal laser scanning micro-
scopic analysis. Breast cancer cells (1x105) were cultured on 
glass coverslips, serum-starved for 3 h, and then treated with 
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HA for various times. Following incubation, the cells were 
fixed in 4% paraformaldehyde for 15 min, washed with PBS, 
and pre-incubated in blocking solution (5% non-fat milk in 
PBS) for 15 min. After being washed with PBS, the cells were 
incubated with diluted anti-MT1-MMP monoclonal (m) Ab 
(1:500) or anti-CD44 mAb (1:500) in PBS for 60 min at room 
temperature. After washing with PBS, the cells were incu-
bated with diluted FITC-conjugated secondary antibody or 
rhodamine-conjugated secondary antibody for 60 min at room 
temperature. The samples were then washed with PBS and 
mounted in a mounting medium (Vector; North Hollywood, 
CA, USA) and visualized using a confocal microscope (Leica; 
Wetzlar, Germany) with a 100/1.30 oil immersion objective 
and an appropriate filter. There was negligible immunofluo-
rescence in the controls without primary antibodies.

Migration assay. The migration assay used was a transwell, 
the upper chamber of which consisted of cell culture inserts 
coated with 50 µl of Matrigel at 37˚C in an incubator over-
night. The wells were washed 3 times with PBS. Sub-confluent 
breast cancer cell lines were trypsinized and re-suspended in 
a cell culture medium containing 5% FBS. Then, 1x105 cells 
were added to the upper chamber and incubated overnight 
at 37˚C in a humidified 5% CO2 environment. Subsequently, 
cells were starved for 12 h, and MT1-MMP specific Abs or 
MMP inhibitors were added to the cells for 1 h before treating 
the cells with HA for 60 h. Cells that had invaded through 
the matrix and become adherent to the undersurface of the 
filter were quantified using Hoechst stain and observed with a 
fluorescence microscope.

Statistical analysis. The results are expressed as the mean ± stan-
dard deviation (SD) of at least 3 experiments and comparisons 
were analyzed by one-way ANOVA. A P-value <0.05 was 
considered to indicate a statistically significant difference.

Results

Effects of HA on MT1-MMP expression on MDA-MB-435s 
cells. In order to observe the effect of HA on MT1-MMP expres-
sion following stimulation, MDA-MB-435s cells were treated 
for different times with 17, 5.6 and 6.5 kDa HA (0.05 mg/ml 
or 0.5 mg/ml) (Fig. 1). HA 5.6 kDa and 6.5 kDa (0.5 mg/ml) 
stimulation after 36 h revealed an increased expression of 
MT1-MMP on the cell membrane (Fig. 1A and B). This result 
showed that HA oligosaccharide (5.6 and 6.5 kDa) stimula-
tion of MDA-MB-435s cells induced a significant amount of 
MT1-MMP expression on the cell membrane. Thus, 6.5 kDa 
HA was used in the following experiments.

Immunofluorescence observation of CD44 and MT1-MMP 
expression following HA stimulation. We further investigated 
the link between CD44 and HA-induced MT1-MMP expres-
sion. After 36 h of HA stimulation, MDA-MB-435s cells were 
fixed, blocked, treated with mouse anti-CD44 mAb, rabbit 
anti-MT1-MMP polyclonal Ab, FITC-conjugated bovine 
anti-mouse Ab, and rhodamine-conjugated goat anti-rabbit 
Ab. The cells were then mounted and placed under a confocal 
microscope for observation. The results show that under 
normal conditions in MDA-MB-435s cells, the CD44 receptor 

was localized on the cell membrane and small amounts of 
MT1-MMP were localized in the cytosol (Fig. 2A). After HA 
stimulation for 36 h, the expression of MT1-MMP increased 
on the cell membrane and colocalized with CD44 (Fig. 2B).

Gene expression levels in HA treated breast cancer cells. To 
determine whether HA has an effect on MT1-MMP expression, 
the expression levels of the MT1-MMP gene were examined 
by real-time PCR. As shown in Fig. 3, real-time PCR was 
used to quantify the gene expression levels of HA-treated 
cells compared to the control. For both MDA-MB-435s and 
MDA-MB-231 cells, mRNA levels for the MT1-MMP were 
significantly increased in HA-treated cells at 6 h (Fig. 3). Thus, 
HA is capable of inducing breast cancer cells which express 
the MT1-MMP gene.

The effects of cycloheximide on HA-induced MT1-MMP 
expression and CD44 cleavage on the cell membrane. 
Western blot analysis revealed that when the MDA-MB‑435s 
(Fig.  4A-C) and MDA-MB-231 cells (Fig.  4D-F) were 
incubated with HA, MT1-MMP expression was increased. 
When the cells were pre-treated with cycloheximide and then 
stimulated with HA for 12, 24 and 36 h, the expression of 
MT1-MMP was decreased (Fig. 4A, B, D and E). Moreover, 

Figure 1. Hyaluronan-induced MT1-MMP expression on breast cancer cells. 
MDA-MB-435s breast cancer cells were serum-starved for 3 h and then 
treated with a control medium or medium with different concentrations 
of HA (0.05 mg/ml or 0.5 mg/ml) for 36 h. The expression of MT1-MMP 
observed after (A) 5.6 kDa, (B) 6.5 kDa, and (C) 17 kDa HA treatments. 
Flow cytometry showed that both 5.6 and 6.5 kDa HA at the concentration of 
0.5 mg/ml may induce MT1-MMP expression in breast cancer cells. Black, 
negative control; red, control; green, HA treated (0.05 mg/ml); blue, HA 
treated (0.5 mg/ml).
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after HA treatment for 12, 24 and 36 h, the CD44 ICD was 
increased after 12 h of stimulation (Fig. 4A, C, D and F). When 
cells were pre-treated with cycloheximide, the ICDs were 
reduced (Fig. 4A, C, D and F). These results further confirmed 
that HA induced the expression of MT1-MMP through protein 
synthesis. Moreover, HA-induced MT1-MMP was involved in 
the process of CD44 cleavage.

Invasiveness of breast cancer cells determined by migration 
assay following HA stimulation. Penetration of the cells 
through the Matrigel has been suggested to be similar to the 
invasive activities that occur during the metastatic process 
in vivo. A transwell coated with Matrigel was adopted to study 
the invasive behavior of the breast cancer cells. MDA-MB-
435s cells were pre-treated with MT1-MMP specific antibody 
or MMP inhibitor for 1 h, then stimulated with or without HA 
for 60 h, each individual well was followed to count the cells 
that had migrated through the membrane. MDA-MB-435S 
cells pre-treated with MT1-MMP specific antibody or MMP 
inhibitor reduced cell migration (Fig. 5).

Discussion

Matrix metalloproteinases (MMPs) comprise a family of 
zinc-dependent edopeptidases that can cleave virtually any 
component of the extracellular matrix (18) and play an impor-
tant role in cancer cell invasion and metastasis (18). During 
metastasis, cancer cells break down the extracellular matrix to 
clear the path for movement, and then enter the blood vessels 
or the lymphatics (18). Membrane type-MMPs are a small 
group in the MMP family, consisting of six known members. 
Membrane type-MMPs are located on cell surfaces and degrade 
protein (22). Membrane type-MMPs are found in a number of 
different cancer cells and they are capable of breaking down 
extracellular matrix molecules, such as collagen type I and III, 
fibronectin, laminin-1 and -5 and aggrecan (15,23).

Hyaluronan (HA) generally exists as a high molecular 
mass polymer (in excess of 1,000 kDa) as a component of the 
extracellular matrix under physiologic conditions (24). Lower 
molecular mass HA has been detected in association with 
certain pathologic conditions, such as inflammation (25) and 
tumors (26-28). The low molecular mass HA fragments induce 
a variety of biological events, such as cell proliferation (28) 
and angiogenesis (29). High levels of angiogenic HA fragments 
have been detected in several types of human tumor, such as 
bladder (28), prostate (30) and mesothelioma cancer (26). High 
levels of hyaluronidase activity are also found in prostate and 
bladder cancers (30,31), which generate HA fragments. It is 
possible that the autoregulatory degradation of HA in tumor 

Figure 2. Double immunofluorescence staining of MT1-MMP and CD44 in MDA-MB-435s cells. Immunofluorescence staining of CD44 and MT1-MMP in 
MDA-MB-435s cells were observed using confocal microscopy. Cells with and without 6.5 kDa HA (0.5 mg/ml) treatment stained with anti-MT1‑MMP mAb. 
(A) Control; (B) after HA-treatment for 36 h, MT1-MMP was colocalized with CD44 on the cell membrane. CD44 staining (green), MT1-MMP staining (red) 
and nucleus (blue). Scale bar, 20 mm.

Figure 3. Real-time PCR analyses for the expression levels of the MT1-MMP 
gene. MDA-MB-435s and MDA-MB-231 cells were incubated in a serum-
free medium for 3 h and then treated with a control medium or a medium with 
6.5 kDA HA (0.5 mg/ml) for different time periods as indicated. Real-time 
PCR analyses for the expression levels of MT1-MMP in (A) MDA-MB-435s 
cells and (B) MDA‑MB-231. Results are the means ± SEMs of 4 experiments. 
*P<0.05 compared to the control.
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tissues may enhance tumor invasion and metastasis. HA has 
been found to enhance tumor cell adhesion and migration 
(32) and to activate the Ras-mitogen-activated protein kinase 
and phosphoinositide 3-kinase pathways (33). These reports 

suggested that HA and/or its degradation products may be 
involved in the CD44 signaling that enhances tumor motility.

Although high and low molecular weight HA can induce 
different effects in the same cells, in most studies the size 

Figure 4. Effect of cycloheximide in HA-induced MT1-MMP expression and CD44 cleavage in breast cancer cells. MDA-MB-435s and MDA-MB‑231 cells 
were incubated in a serum-free medium for 3 h and then treated with a control medium or a medium with 6.5 kDa HA (0.5 mg/ml) for different time periods 
as indicated. Cells were treated with a control medium or a medium with 6.5 kDa HA (0.5 mg/ml) in the presence or absence of the translation inhibitor, 
cycloheximide (20 µg/ml, added 1 h before HA treatment). Cell lysates were analyzed by western blotting. MT1-MMP expression on the cell membrane was 
upregulated by HA treatment and was inhibited by adding cycloheximide in (A and B) MDA-MB-435s and (D and E) MDA-MB-231 cells. HA stimulation 
caused CD44 cleavage product ICDs to increase in both (A and C) MDA-MB-435s and (D and F) MDA-MB-231 cells. *P<0.05 compared to the control.
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of HA was not monitored. We found that by adding 6.5 kDa 
and 5.6 kDa HA oligosaccharide to stimulate MDA-MB-435s 
cells, MT1-MMP expression was increased dramatically after 
36 h of treatment, but not the 17 kDa HA oligosaccharide. 
Therefore, in further study, we used a 6.5 kDa HA oligosac-
charide. We also used real-time PCR to observe MT1-MMP 
mRNA expression and found that MT1-MMP mRNA may be 
detected after 1 h of HA stimulation and is maintained until 
6 h of stimulation in MDA-MB-435s and MDA-MB-231 cells. 
To confirm that HA stimulation of MT1-MMP is conducted 
through protein synthesis, we pre-treated breast cancer cells 
with cycloheximide. The results of western blot analysis and 
flow cytometry both showed that HA-induced MT1-MMP 
expression was blocked by pre-treatment with cycloheximide. 
From the above experiments, we suggest that HA stimulation 
of MT1-MMP is conducted through protein synthesis.

CD44 is expressed in many types of metastatic tumor cells 
(2,4,34). The soluble form CD44 can be shed from cell surfaces 
through a proteolytic process (35). CD44 cleavage contributes 
to the regulation of CD44-HA interactions required for the 
migration process, and consequently promotes CD44‑mediated 
cancer cell migration. This proteolytic cleavage of CD44 is 

involved in tumor invasion and metastasis (12). MT1-MMP 
appears to possess CD44 shedding capabilities and promotes 
cell migration (35). Moreover, MT1-MMP and CD44 were 
colocalized at the migration front, which is important in cell 
migration (35). CD44H has been found to link MT1-MMP 
to the cytoskeleton and regulate its localization (36). This 
interaction is critical for the shedding of CD44H and the cell 
migration (36). MT1-MMP appears to possess CD44 shedding 
capabilities and promotes cell migration as demonstrated by 
the colocalization of MT1-MMP and CD44, which is impor-
tant for cell migration (11). Accumulating evidence suggests 
that MT1-MMP plays a pivotal role in tumor cell migration 
and invasion (36-38). In this study, we found that CD44 is colo-
calized with HA-induced MT1-MMP on the cell membrane. 
After 24 h of HA stimulation, there was a marked increase in 
the ICD of CD44.

These results suggest that 6.5 kDa HA oligosaccharide 
stimulation of human breast cancer cells induces the expression 
of MT1-MMP, and that MT1-MMP and CD44 were colocal-
ized on the cell surface which further causes CD44 cleavage. 
CD44 cleavage has been demonstrated to play a critical role 
in CD44-mediated tumor cell migration by providing off-
setting changes in adhesive interactions between CD44 and 
extra cellular matrix (9,39). In order to analyze the correlation 
between HA stimulation of MT1-MMP expression, CD44 
cleavage and breast cancer cell mobility, we used Matrigel-
coated transwell to observe tumor cell migration. After 60 h 
of HA stimulation, there was a clear increase in the invasive 
capabilities of the stimulated cells, and this migration may be 
inhibited by specific anti-MT1-MMP Ab or MMP inhibitors.

MMP-1, -2, -9 and MT1-MMP are involved in cancer inva-
sion (40). Membrane type 1-MMP degrades the extracellular 
matrix, activating other MMPs (18), and acts as a shedding 
enzyme involving CD44 cleavage and promotes the cell move-
ment (10,35). Through tissue staining it has been found that 
invasive breast cancer cells have higher levels of CD44 than 
normal tissue (2,41). In the present study, we demonstrated 
that 6.5 kDa HA oligosaccharide stimulation of the human 
breast cancer cell lines MDA-MB-435s and MDA-MB-231 
was able to induce the expression of MT1-MMP through 
protein synthesis. Our data also suggest that HA-induced 
MT1-MMP and CD44 are colocalized on the cell surface and 
that CD44 showed signs of cleavage. A significant increase 
in the invasive capabilities of HA-stimulated breast cancer 
cells was observed using the migration assay. These observa-
tions indicate that HA induced MT1-MMP expression, which 
then caused CD44 cleavage and thus enhanced the invasive 
abilities of the cancer cells. We believe that the results of this 
study yield significant insight into breast cancer invasion and 
metastasis. In conclusion, we found that HA oligosaccharide-
induced MT1-MMP expression in breast cancer cells may be 
an element of the sequence of molecular events preceding 
metastasis.
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Figure 5. Effect of HA on CD44 cleavage and HA-induced cell migration. 
Soluble form CD44 caused by HA stimulation in the medium was analyzed by 
western blotting (A). Cells were treated with control medium or medium with 
6.5 kDa HA (0.5 mg/ml). After incubating cells under the indicated condition 
for different time periods, soluble form CD44 in the medium was analyzed 
by western blotting (A). Cells treated with control medium or medium con-
taining HA (10 ng/ml) in the presence or absence of the MT1-MMP antibody 
(10 µg/ml) or MMP inhibitor GM6001 (25 µM/ml) were inoculated into the 
Matrigel-coated transwell. After incubation for 60 h at 37˚C, cells that had 
migrated into the lower wells were stained (Giemsa stain) and counted. Data 
are representative of 4 different experiments and are expressed as the means 
and SEM for the migrated breast cancer cells from 4 experiments. 
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